Introduction
============

Memory is essential for the everyday life of human beings, as well as animals. So far, it is still a challenging question to answer where and how the memories are stored in the brain. In the early days of neuroscience, memory was considered as a cognitive substance, which is closely related to the anatomical features of neurons. [@B9]) proposed that memories may be formed by strengthening the connections between specific neurons to enhance their communication efficiency. [@B41] further extended this proposal, which was summarized as "Cells that fire together, wire together" ([@B56]). The discovery of long-term potentiation (LTP) in synapses provides the potential physiological evidence for this hypothesis ([@B6]). By now, LTP is considered as one of the fundamental cellular mechanisms for memory storage in the brain ([@B4]; [@B5]; [@B59]; [@B104]; [@B15]). Besides LTP, other forms of long-term synaptic plasticity, such as long-term depression (LTD), also involve in memory formation ([@B45]; [@B113]; [@B97]).

With the application of advanced research tools in neuroscience, direct evidences gradually emerged and showed that LTP and synaptic plasticity were sufficient and required for the encoding and recall of memory, especially in fear memory ([@B64]; [@B19]; [@B106]; [@B63]; [@B40]). In addition to the activity dependent change of synaptic transmission, neuromodulators also contribute to the plastic modulations of the neural network. Early works have shown neuromodulators, such as adenosine, dopamine, and acetylcholine, influence synaptic plasticity ([@B71]; [@B72]; [@B89]). Neurotropic factors, such as brain-derived neurotropic factor (BDNF), have great impacts on synaptic plasticity ([@B16]; [@B2]). So far, the synaptic plasticity has been considered as the neuronal substrate of the memory. However, due to the complexity and dynamics of synapses within the brain, it is hard to locate all of the modified synapses during the encoding of a specific memory to locate and track the specific memory.

By now, it is still an open question how the neural circuit encodes a specific memory and recalls it later. In the past few years, accumulating evidence suggests that memory in the brain is closely related to the activities of a small population of neurons. The sparse and selective activities were found during memory encoding and recall in many areas within the brain, such as amygdala, the dentate gyrus (DG) region of hippocampus and the layer 2/3 of neocortex ([@B38]; [@B54]; [@B76]; [@B17]; [@B86]; [@B109]). Those selective neuron populations were named as memory traces or the "engram" in some circumstance. Activities of the memory trace cells are triggered by memory recall. Artificially activating those cells in an unrelated context or without the presence of cues could induce the expression of fear memory ([@B54]; [@B17]; [@B21]; [@B49]), indicating the memory trace cell circuit is critical for the memory encoding and recall. On the one hand, such approach greatly reduces the complexity of memory research by reducing the synaptic events into the cellular events for memory encoding and recall. On the other hand, as all of the studies as memory traces are based on the alternation of neuronal activities, according to the expression of immediate early genes, this approach lacks the precision of measurements in the temporal domain. Particularly, it is unclear how could the ensembles of sparse memory trace neurons encode the temporal sequence of neural activity to represent necessary components of the memory.

Here, we summarize the recent advances in the study of memory representation at the cellular level to give a rough picture about the memory encoding in the brain. We will also discuss the major challenges of the cellular encoding of memory. In the end, we will provide a model of the memory circuitry, trying to discuss the possibility of encoding and recall of temporal signals in the spatial domain of memory trace cells.

What Is Memory Engram?
======================

[@B90], a German zoologist and evolutionary biologist proposed the idea of "engram" of memory in the early 20th century. His main idea is how an external stimuli produces a "permanent record, ... written or engraved on the irritable substance." Different from the synaptic plasticity and memory theory, the memory engram theory put more efforts to elucidate the nature of selective memory contents in the brain circuit ([@B98]; [@B92]; [@B112]; [@B85]; [@B48]). The general idea is that each memory should be associated with the activities in a distinct ensemble of neurons, so that activation of those cell ensembles triggers the recall of the specific memory. To demonstrate whether an ensemble of neurons are memory engram, they must satisfy the following four criteria: (i) their activities were increased during learning and underwent a serial molecular and functional cellular changes; (ii) artificially activating these neurons could lead to recall of originally formed memory, even without external stimuli; (iii) blocking their activity would prevent the recall of the established memory in spite of the stimulation of physiological relevant signals; (iv) these neurons are a small subset of the total population and are selectively activated by a distinct memory.

Location of Memory Engram
=========================

To locate memory storage in the brain, [@B51] conducted a series of brain lesion experiments by surgical destruction of parts of the brain in search of the location of memory engram in rats and monkeys. He trained rats with the maze task and found that if only a small part of cortex was destroyed, memory may remain almost intact. The larger amount of cortex were removed, the more severe memory defect would be observed. So he made the mass action conclusion that the amount of lost memory was proportion to the amount of cortex destroyed ([@B51]). Furthermore, he proposed that memories were distributive in the neocortex, although he failed to identify the memory engram.

A strong link between medial temporal lobe (MTL) and memory was first discovered when memory defect of patient H.M. was reported ([@B88]). After MTL lesion, H.M. unexpectedly developed profound amnesia. He was unable to form long-term episodic memories immediately after the surgery, while other kinds of memories such as motor skills and personality remained largely normal. The importance of MTL, mainly the hippocampal formation, in episodic memory was confirmed in both human and non-human primate and rodent in subsequent studies ([@B96]; [@B114]; [@B80]; [@B12]; [@B30]). Conversely, it is unknown how the long-term memories, which were encoded long before the MTL damage, could still be retrieved. Thereby, there might be some alternative locations for the storage of long-term memory in the brain other than the hippocampal formation ([@B94]; [@B61]; [@B95]; [@B67]; [@B73]; [@B62]).

In an effort to locate the memory-related activities in the brain, researchers switched their approaches from destroying subpopulation of the brain to tracking the neuronal activity changes in each brain region. With the development of molecular biology, researchers found that activation of neurons was accompanied by the expression of immediate-early genes (IEGs), such as *c-fos, Arc*, and *Egr-1.* Importantly, the expression of IEGs were triggered by learning new tasks ([@B14]; [@B36]; [@B37]; [@B105]; [@B29]). By comparing the IEG expression signals during learning and memory retrieval, the brain regions activated by memory have been identified. The identified memory-related areas mainly include amygdala, DG of hippocampus and layer 2 of neocortex ([@B38]; [@B54]; [@B75]; [@B109]; [@B10]; [@B77]; [@B83]).

Not until recently, genetic tools have been developed to label and manipulate those activated neurons in the history so that one could identify the reactivation of neurons in the same animal during memory recall ([@B79]; [@B92]; [@B31]; [@B49]; [@B102]). Furthermore, such genetic tools allow the *in vivo* imaging of neuronal activation in living animals. The repetitive imaging of the IEG expression in the same animal put this effort forward to discriminate activities in several different tasks ([@B109]; [@B10]). These studies extended the specificity of memory trace activities at further refined spatial and temporal domains. Furthermore, the *in vivo* imaging of IEG expression revealed the laminar differences of memory responses in neocortex and identified memory trace cells in layer 2 of neocortex ([@B109]).

Optogenetic and chemical genetic tools allow the manipulation of neural activities and further confirmed the role of memory engrams through artificially induced memory recall ([@B111]; [@B33]; [@B54]; [@B35]; [@B49]; [@B110]). Such tools also provide a unique approach to dissect the circuit mechanisms for the memory-related activities. Thus, by applying IEG-based strategies, the researchers are now linking the memories with the sparse activities of specific cell ensembles in the brain ([@B102]) (**Figure [1](#F1){ref-type="fig"}**).

![**Location of sparse memory trace cells in DG and layer 2/3 of neocortex. (A)** Representative 3-D reconstruction showing expression of EGR1-EGFP in three trials in different contexts (day 0, day 30, and day 60) from L1 to L6 in mouse visual cortex. EGFP signals in each trial were indicated by pseudocolor. Neurons in layer 2/3 show context specific response. Red home cage; green CtxA; blue CtxC. Ctx, Context. Volume size, 340 μm × 340 μm × 700 μm. Scale bar 30 μm. Reproduced from ([@B109]). **(B)** Representative images showing expression of EGR1--EGFP in hippocampus after enrich environment (EE) for 2 days. Right is an image of the rectangular area in the left panel, showing sparse activation of EE memory trace cells in DG. Scale bar: left, 100 μm; right 20 μm. **(C)** The schematic diagram shows memory engram cells in layer 2/3 of neocortex (left) and DG area of hippocampus (right).](fncir-10-00061-g001){#F1}

The Allocation of Memory Engram for Different Tasks
===================================================

Among huge number of neurons in the brain, only a small portion of neurons would be activated upon a given task ([@B105]; [@B38]; [@B35]; [@B10]). For example, in amygdala, the central processor of fear memory ([@B52]; [@B27]; [@B82]), only a small fraction of neurons showed selective response to the cued fear ([@B82]; [@B38]).

Consistent with the synaptic plasticity and memory theory, the learning-induced activity triggers synaptic plasticity and prolonged adaptation in those activated neuron ensembles. Cells with relative higher level of CREB (adenosine 3′, 5′-monophosphate response element-binding protein) in lateral amygdala (LA) were preferentially activated during the retrieval of cued fear memory ([@B38]). Furthermore, selectively deletion of those CREB overexpressing neurons, but not randomly selected neurons, disrupted the recall of fear memory ([@B39]). The similar results were obtained in insular cortex during memory retrieval for conditioned taste aversion task ([@B85]). Importantly, after cued fear conditioning, reactivation of those CREB overexpressing neurons through chemical genetic manipulation induced robust fear responses in the absence of external cue ([@B49]), indicating the CREB expressing neurons as the memory traces to encode and reactivate the memory. These results suggest a mechanism for memory allocation in memory trace neurons, which were prepared with high level of synaptic plasticity. Taken together, these results indicate the role of plasticity regulators, such as CREB protein ([@B18]; [@B20]; [@B66]; [@B3]; [@B87]), are critical for the formation of memory traces in the brain circuit.

The expression of CREB increased the excitability and the efficacy of activity-induced synaptic changes, thereby allowing the encoding-related activities to be located in those cell ensembles ([@B112]). Increasing cell excitability by expression of dominant-negative KCNQ2 mutant could also assign memory into those infected neurons in LA ([@B110]). Apart from the over-expression of CREB, chemical genetic tools, such as DREADD (designer receptors exclusively activated by designer drug), an evolved G protein-coupled receptor (hM3Dq; [@B1]), also attracted the formation of memory traces in those hM3Dq expressing neurons under synthetic ligand CNO induction ([@B31]).

Besides the fear memory, such pre-conditioning of memory trace location has also been demonstrated in spatial memory tasks. Hippocampal place cell was specifically activated at a certain location during the exploration of space ([@B42],[@B43]; [@B7]; [@B65]). The experience of spatial exploration in a linear track triggered the firing of a serial of neurons under specific temporal sequence ([@B108]; [@B53]; [@B44]). Interestingly, the firing pattern of place cell ensemble during exploration of a novel track had been occurred in the sleep period proceeding to the exploration ([@B22], [@B23]). Such observation suggests place cells might work in a pre-conditioned circuit to incorporate the spatial memory. Besides the place cells, time cells, which fire at particular moments in a temporally structured period, are observed recently in hippocampus ([@B58]; [@B68]; [@B25]), implicating that both the locations and the time components of the episodic memories are represented in hippocampus. Taken together, the memory traces for a specific memory are allocated to neurons of a heterogeneous population. The allocations of different memory traces are subjected to the regulation of the learning period through pre-conditioning mechanisms. Neurons with relatively higher excitability in the learning period are more inclined to encode the incoming information.

Artificially Manipulation of Activities in Memory Traces Trigger Memory Recall
==============================================================================

Upon the formation of memory traces, the reactivation of those trace cells is closely related to the memory recall. Firstly, the expressions of IEGs in those memory trace neurons were reactivated during the recall of memory ([@B38]; [@B100]). Secondly, genetic labeling of those memory traces, which expressing the IEG during learning period, revealed the selective activation of those trace neurons by specific memory, but not other stimuli ([@B21]). Lastly, optogenetic reactivation of those memory trace neurons engaged the memory recall in an unrelated context ([@B55]). As the expression of IEGs are positively correlated to the neural firing ([@B14]; [@B24]; [@B74]), those results showed that the activities within the memory trace neurons were critical for the memory recall.

[@B54] labeled a group of DG neurons with channelrhodopsin-2 (ChR2) whose activities were increased during fear conditioning. They took the advantage of c-fos-tTA transgenic mice ([@B79]) to control the timing of genetic labeling. They labeled the *c-fos* expressing neurons during learning by removing the doxycycline. Without doxycycline, the activity-induced tTA protein, which is under the promoter of *c-fos*, could bind to tetracycline-responsive element (TRE) site, which in turn drives the expression of ChR2-YFP in these activated cells. The activities in these cells were controlled by blue light after genetic labeling. This strategy is able to trap the neurons in any brain areas activated during fear memory or happy memory, both of which were selectively reactivated by light in the unrelated context ([@B78]). Optogenetically silencing the IEG-labeled neurons in DG ([@B21]) or CA1 ([@B99]) blocked fear memory recall, when re-exposing the mice into the shock associated context. Due to the specificity of those neurons, researchers named those cells as memory engram or memory trace cells.

Besides the engram cells in hippocampus, reactivation of memory trace cells in neocortex also triggers the recall of memory. Ensembles of neurons responding to training context were sparsely distributed in layer II and the activities of these neurons were linearly correlated with behavior ([@B109]). Optogenetically activating the learning-activated neurons in retrosplenial cortex (RSC) elicited fear memory ([@B17]). Furthermore, silencing of CA1 neurons, which were activated during learning, significantly reduced the reactivation of memory responses in neocortex and amygdala ([@B99]), indicating the memory traces in hippocampus and neocortex were closely correlated. Intriguingly, artificially activating memory engram cells could restore memory even under disease conditions, such as drug-induced retrograde amnesia and Alzheimer's disease ([@B77]; [@B83]; [@B81]). Thus, the activation of memory trace neurons induces memory recall.

Challenges of The IEG-Labeled Memory Engram Theory Underlying Memory Encoding
=============================================================================

Although the memory engram (trace) theory has been greatly improved by the recent progresses, several questions still remain to be answered. One of the questions is the precision of the labeled memory engram cells. So far, the memory engrams were identified according to their activities during memory task by the expression immediate early genes. However, due to the limitation of temporal precision of current genetic tools, this approach is not able to mark the memory-activated neurons very specifically. As the time window for genetic labeling is ranged from several hours to days ([@B13]; [@B60]; [@B1]; [@B34]; [@B50]; [@B84]), most of the labeled memory trace neurons are, in fact, a mixed population, which contains both 'memory trace cells' for the specific memory and neurons activated by un-related events which occurred during the labeling window. To achieve higher precision on cell manipulation, one might need to continuously track cellular activities in living mice and selectively activate those identified trace neurons at cellular precision. Therefore, the issue, regarding the precise control of the population labeling during the learning period is solvable in the near future.

However, a much harder question is raised by the identification of those memory traces. The fact that reactivation of sparse memory engrams triggers the recall of memory, posts a theoretical question how the activities in a few neurons induce the representation of a memory, which contains well organized information under a specific temporal and spatial order. The transformation from sparse and simple activities in a few memory trace neurons to the wide spreading and temporally ordered activities in the brain network does not have a straightforward answer.

Strikingly, the reactivation of memory recall did not require temporally coded activities in the memory traces, as artificially imposing 20 Hz activities in those cells engaged the memory recall ([@B54]). This observation implicates that the neuronal network utilized the spatially organized structures and spatial activities in the memory trace neuron ensembles to encode and recall the natural event. Such encoding strategy used the spatial information to reconstruct information in both the temporal domain and the spatial domain. In the following sections, we put forward a model, trying to propose a possible solution of neural network to interpret the role of memory traces in memory encoding and recall.

A Plausible Model for the Encoding of Temporal/Spatial Information in Memory Trace Cell
=======================================================================================

Synchronized oscillations, such as, theta oscillation, gamma bursts or sharp wave ripples (SWR) could coordinate spike times, regulating information transmission and/or carrying information in the temporal domain ([@B57]; [@B11]; [@B93]; [@B91]; [@B46]; [@B103]). How could the specific memory trace neurons trigger a temporal pattern of neural activities? Previously, [@B47] have proposed a simplified model, showing that the frequency and power of the synchronized oscillations, and population spike times, could be modulated by differential synaptic inputs to an Excitation--Inhibition (E--I) balanced circuit. This model consists interconnections between a pair of inhibitory and excitatory neurons and synaptic inputs to them. It is a simplified model but with reasonable biological correlates, as the inhibitory neurons and excitatory neurons are highly wired and likely form reciprocal projections in neocortex ([@B28]; [@B32]; [@B69]). Such a simple model is intriguing, as it conveys the spatial information into temporal information, where the ratio of synaptic input to two types of neurons (spatially encoded) determines the frequency and power of the network oscillation (temporally encoded). Thereby, while the engram network has been modulated by the history of activities to encode the information, a sustained neural activity from the activated engram cell would go through such a spatially organized network and will trigger the expression of a temporally organized oscillatory activity and deliver it to their targets.

Intrigued by this model, we propose that the activities in sparse memory trace neurons are able to initiate a temporally organized oscillatory activity in the downstream network. In this model, a specific memory trace cell is connected to both the excitatory neuron and the inhibitory neuron in a reciprocally connected neural network. Thus, the activity of the trace neurons transmit to inhibitory neuron through the mono- and di-synaptic connections (**Figure [2](#F2){ref-type="fig"}**). As the synaptic strength ratio of the mono-and-di-synaptic connections to inhibitory neurons determines the property of the oscillatory activity ([@B107]; [@B26]; [@B8]; [@B47]), the activation of the trace cell triggers the expression of a specific oscillatory activity. In this case, activation of memory trace cell is able to engage any selective oscillation pattern to present the temporally encoded information in the downstream targets.

![**Engram cell circuit for the representation of spatial--temporal coded information.** The engram cell circuit was inspired by Jadi's model. The model network architecture featured both excitatory (E) and inhibitory (I) neurons, with recurrent connections between and within E and I populations. In addition, the memory engram cell population sent inputs on both E and I with specified synaptic weights, including di-synaptic and mono-synaptic connection to the inhibitory neuron. The engrams in DG receive input from EC. The memory traces in cortical layer 2 might receive input from layer 1. The reactivation of engram cell is sparse and could trigger the population oscillation at different frequency and amplitude.](fncir-10-00061-g002){#F2}

This simplified model could be an abstract from two brain regions. In the neocortex, layer 2 neurons were identified as memory traces. In hippocampus, DG neurons were identified as memory trace cells ([@B101]). The downstream targets of the memory trace neurons are the oscillators (E--I balanced circuit), such as the CA3 neurons in hippocampus and the layer 5 neurons in neocortex (**Figure [2](#F2){ref-type="fig"}**). The memory trace cells were sparsely activated in both hippocampus and neocortex (**Figure [1](#F1){ref-type="fig"}**). The sparse activities of trace cells might set a high threshold to distinct different sensory inputs, thereby, reducing the noises of sensation. Thus, the sparsity of the activities in memory trace neurons ensures the precision of representation for the temporally coded information in their downstream targets.

Selective Consolidation of Oscillatory Activity into the Specific Memory Trace Cells
====================================================================================

The identified memory traces located in specific areas in the brain. Cortical memory traces were identified in superficial layer 2 ([@B17]; [@B109]), which is very close to layer 1 and receive major inter-cortical connections from multiple cortical areas. The layer 2 neurons receive sensory inputs from layer 4 and top-down or cross-model inputs from layer 1 ([@B70]). Thereby, the activation of memory engram cells is modulated by population activity of local layer 4 neurons with a unique temporal--spatial organization. Such network might implicate the transformation of temporally organized activities into the specific activities of spatially distinguished memory trace neurons.

In fact, the conversion of temporally organized oscillatory activities into the activation of a specific neuron population is a reversed version of the memory trace-to-oscillator network. By engineering the inhibitory-excitatory circuit, the network is able to establish the specific conversion of activity from temporal domain into spatial domain. To test the possibility of such conversion, we proposed a model of cortical network, which is made up of stochastic spiking neurons as oscillator and memory engram cell populations (**Figure [3A](#F3){ref-type="fig"}**). According to the simulation on this model, oscillatory activities at different frequencies will trigger the activation of a specific engram cell population, which is connected to the oscillator with specified weights (**Figure [3B](#F3){ref-type="fig"}**; see Supplementary Material for details). Thus, the inhibitory-excitatory circuit might underlie the conversion of neural activities between the temporal domain and the spatial domain, allowing the memory trace cell circuit to conduct encoding and recall of the temporal--spatial information.

![**Proposed temporal-to-spatial transformation in the engram cell circuit. (A)** The whole system was inspired by Jadi's model. The model contains an oscillator part and three memory engram parts. Each of them was made up of interconnected inhibitory and excitatory neurons. Input1 was an oscillatory stimulation to oscillator's inhibitory neuron through di-synaptic pathway. Input2 was a constant simulation to oscillator's inhibitory neuron through mono-synaptic pathway. When the strength of the peak of Input1 was lifted to higher enough, it generated a synchronized oscillation in the oscillator part. The weights of the connection from oscillators' excitatory neurons to different part of engram neurons (*W*~e1~, *W*~e2~, *W*~e3~) and different part of inhibitory neurons (*W*~i1~, *W*~i2~, *W*~i3~) were different from each other. **(B)** The oscillator was stimulated with different frequency oscillatory input (input1). If the oscillations exactly suit the weights from the oscillator to the part contained the specific engram neuron population and inhibitory neurons, the specific engram neuron population will fire in a very short delay (about 200 ms), Here, we showed that engram cell population 1, 2, and 3 followed low, medium, and high oscillation, respectively.](fncir-10-00061-g003){#F3}

Conclusion
==========

Memory engram cells are specific neuron populations, which are activated by a particular event or a context. Reactivation of those cells is closely related to the memory recall. Artificial reactivating of memory engram cells triggered selective memory-related behavior consequences, while selective lesion of memory traces rendered the memory recall. Such facts demonstrate the critical role of the memory traces as the hub component of memory circuit in the central nervous system.

By now, most of the studies are still focusing on the spatial domain of the memory circuit, leaving an unknown question for the encoding and recall of temporally organized activities. Although still lack of biological evidences, here, we proposed a network model trying to interpret the dynami cs of the memory circuit. While the memory engram cells are located in physically wired circuit, dynamic activities with distinct temporal properties are the results of the activities of specific memory engram cells. The model for the conversion of neural activities between the temporal and the spatial domains implicates that it is possible for the memory engram cells and their neural networks to encode spatially and temporally organized information in form of synaptic changes of the inhibitory--excitatory circuit. Furthermore, the activation of memory engram cells might engage the modified circuit to excite temporally and spatially organized activities, representing the recall of the memory. Although this model is simple and attractive, other possibilities might also remain. Nonetheless, we provided a plausible solution here to argue that sparse engram cells are capable to induce representation of complex information, containing both temporal and spatial domains. Such sparse responses of memory storage provide a new avenue into the circuit mechanism of memory encoding and recall.
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